Abstract-Ultra Wideband (UWB) radar is a promising emerging technology for breast cancer detection based on the dielectric contrast between normal and tumor tissues at microwave frequencies. One of the most important considerations in developing a UWB imaging system is the configuration of the antenna array. Two specific configurations are currently under investigation, planar and circular. The planar configuration involves placing a conformal array of antennas on the naturally flattened breast with the patient lying in the supine position. Conversely, the circular configuration involves the patient lying in the prone position, with the breast surrounded by a circular array of antennas. In order to effectively test the two antenna configurations, two 2D Finite-Difference Time-Domain (FDTD) models of the breast are created, and are used to simulate backscattered signals generated when the breast is illuminated by UWB pulses. The backscattered signals recorded from each antenna configuration are passed through a UWB beamformer and images of the backscattered energy are created. The performance of each imaging approach is evaluated by both quantitative methods and visual inspection, for a number of test conditions. System performance as a function of number of antennas, variation in tissue properties, and tumor location are examined.
INTRODUCTION
Breast cancer accounts for 26% of all female patients suffering from cancer in the United States, where each year, approximately 182,000 cases are diagnosed and approximately 22% of these cases result in death [1] . The key factors in improving survival rates and quality of life of cancer patients are: reliable diagnosis for early detection, early intervention and reliable monitoring. X-Ray Mammography is currently the defacto screening method for detecting non-palpable early breast tumors. However, X-Ray Mammography uses ionising radiation and requires the uncomfortable compression of the breast. Furthermore, the inherent limitations of X-Rays in terms of sensitivity and specificity are well recognised [2] .
The false-positive rate associated with X-Ray Mammography can be as high as 75%, causing unnecessary distress to the patient and putting an unnecessary financial burden on the health system. Much more worrying is the false-negative rate of 34%, which reflects situations in which patients are incorrectly diagnosed as not having breast cancer. False-negative results can significantly delay treatment, often to the point where it is no longer effective [3, 4] . These considerable limitations of X-Ray Mammography prompt the development of alternate imaging modalities
In this context, Microwave Imaging is an appealing alternative to X-Ray Mammography as a primary breast cancer diagnosis method. The technology is based on dielectric differences between normal and tumor tissues of the breast at microwave frequencies [5, 6] . There are three different approaches that have been proposed in order to image the breast based on these contrasting dielectric properties: Microwave Tomography, Time-Reversal FDTD methods and UWB Radar Imaging.
The first approach involves a full reconstruction of the dielectric profile of the breast by means of the solution of a forward and inverse scattering problem which seeks to minimise the difference between measured and calculated electric fields [7] [8] [9] [10] [11] [12] . Meaney et al. [8, 9, 12] have conducted some clinical trials with a tomography prototype system which has produced some promising results. One potential downside of this approach is that inverse scattering problems can potentially have a large computational cost. The Time-Reversal algorithm is based on time-reversing the Finite Difference Time Domain (FDTD) equations, and implies that if a point source radiates and the time-reversed FDTD equations are applied to all points of the grid, the wave will converge back to the source at the time corresponding to the maximum of the initial excitation [13, 14] . Finally, UWB Radar Imaging involves illuminating the breast with a UWB pulse, recording the backscattered signals, and using these signals to identify the presence and location of significant dielectric scatterers within the breast [6, [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] . The advantages of UWB radar over traditional X-Ray Mammography include the following:
• It uses non-ionising radiation.
• It offers good resolution capabilities.
• It avoids the uncomfortable compression of the breast associated with X-Ray Mammography.
• It is potentially low cost.
UWB imaging of the breast is based on the dielectric contrast between normal and cancerous tissues at microwave frequencies, and these properties have been the subject of many studies, both historical and recent [8, [27] [28] [29] [30] [31] [32] . Malignant tumors present higher values for conductivity and permittivity due to higher concentrations of water, which is caused by abnormal vascularisation [5, 33] and bound water [34, 35] . However, it was recently found that dielectric contrast between fibroglandular and malignant tissue is smaller than previously thought [31, 32] , thereby presenting a more challenging imaging scenario. Hence, choosing optimal parameters for UWB breast imaging systems is becoming an increasingly significant problem.
This paper investigates the optimisation of one important aspect of UWB system design for breast cancer imaging, namely, the antenna configuration. The paper is organised as follows: Section 2 reviews the dielectric properties of normal and malignant breast tissue; Section 3 consists of several subsections as follows: the antenna configurations considered, the FDTD model of the breast, the experiments performed, and the metrics used to evaluate the results; Section 4 presents and discusses the experimental results; finally Section 5 draws conclusions from these results.
DIELECTRIC PROPERTIES
The dielectric properties of breast tissue (conductivity and permittivity), determine the attenuation, phase, reflection and transmission of UWB signals through the breast. These dielectric properties are briefly reviewed here.
Chaudhary et al. [36] examined ex vivo specimens of breast tissue removed during cancer surgeries. A significant dielectric contrast between normal and malignant tissues was found across the frequency range of 3 MHz to 3 GHz (contrast ratio of 4.7 : 1 for conductivity and 5 : 1 for relative permittivity). Similar studies which acknowledge the dielectric differences between normal and malignant breast tissue with ex vivo experiments include those of Joines [27] , who found a contrast ratio of 3.8 : 1 for conductivity and 6.4 : 1 for relative permittivity, and Campbell and Land [30] , who found a greater variance of dielectric properties in normal breast tissue compared to previous studies, with relative permittivity varying between 9.8 and 46 and conductivity between 3.7 and 34 mScm −1 .
Later, Surowiec et al. [29] measured the relative permittivity of infiltrating breast carcinoma and the surrounding tissue. The study found that the tissue at the infiltrating edge of the tumor had increased dielectric properties, suggesting that even quite small tumors could still induce significant microwave backscattering.
Meaney et al. [8] performed the first in vivo examinations of the dielectric properties of breast tissue using a prototype microwave imaging system. Results showed that the average relative permittivity value at 900 MHz for normal breast tissue was significantly higher than previously published (breasts with higher adipose-fat-tissue content had an average relative permittivity of 31 and heterogeneous dense breasts had an average relative permittivity between 35 and 36).
More recently, Lazebnik et al. completed one of the most comprehensive studies to date on dielectric properties of the breast [31, 32] . The dielectric properties of both normal and cancerous breast tissue were analysed and compared. The main findings of Lazebnik's studies included the following:
(i) Adipose tissue has much lower dielectric properties than previously assumed. (ii) Conversely, fibroglandular tissue has much higher dielectric properties than previously thought. (iii) The dielectric heterogeneity of normal breast tissue was previously significantly underestimated.
The effect of this dielectric heterogeneity is very significant, and prompts the development of more robust UWB imaging systems.
NUMERICAL SIMULATION AND EVALUATION PROCEDURES
In this section, the procedure used to optimise the antenna configuration is detailed. The main steps can be summarised as follows: 
Antenna Array Configuration
Two different imaging configurations have been considered: the planar configuration developed initially by Hagness et al. [6] and the circular configuration developed by Fear et al. [16] . Each configuration is defined by the orientation of the patient and the position of the antenna array. In the planar configuration, the patient is oriented in the supine position with a planar antenna array placed across the naturally flattened breast. This configuration has been used by Hagness, Bond, Davis, Nilavalan, Li and O'Halloran et al. [6, 20, 25, 26, 37, 38] . Conversely, in the circular configuration, the patient lies in the prone position with the breast naturally extending through an opening in the examination table. A circular array of antennas surrounds the breast. The circular configuration has been used by Fear, Xie and Klemm et al. [18, [39] [40] [41] [42] [43] [44] [45] . Both supine and prone positions are shown in Figure 1 . In the present study, both configurations of antennas are simulated and compared, extending a previous study [46] .
Numerical Breast Model
In order to test both antenna configurations, a numerical model of the breast is created for both configurations. A 2D FDTD model of the breast, similar to the model used by Hagness et al. [6] is used to examine the planar configuration, while a separate circular breast model, as used by Fear et al. [39] , is also used. In both models, a 2 mm layer of skin covers the breast. The dielectric properties of normal tissue used in [6, 20, 39] are used for the study. In order to account for the dielectric differences between fibrogandular and adipose tissues, there is a dielectric variation of ±10% randomly assigned (using a Gaussian distribution) to 4-mm-side squares within the breast, as used in [6, 39] . Models using dielectric variations of ±20; ±30; ±40 and ±50% were also created. A Debye model was used to model the frequency-dependent propagation characteristics of the various tissues.
The Debye parameters for skin are chosen to fit published data by Gabriel et al. [47] , while the Debye parameters for malignant tissue are those used by Bond et al. [26] . The Debye parameters for each type of tissue, along with the permittivity and conductivity at the centre frequency, are shown in Table 1 . For the supine (planar) examination, the breast is naturally flattened and the antennas lie directly on the skin across a span of 80 mm. As the breast flattens, it is assumed that the maximum depth of the breast tissue is 42 mm [6] . The antenna array is backed by a synthetic material matching the dielectric properties of skin. The antenna array elements are modeled as electric-current sources. For the prone (circular) configuration, the antennas form a circle around the breast. The radius of the breast is 36 mm, including the layer of skin [39] . The breast and antenna array are once again backed by a synthetic material matching the dielectric properties of skin. Both models are shown in Figure 2 .
The FDTD grid resolution, dx, is 0.5 mm and the time step dt is defined as 0.833 ps (dt = dx 2c ). A scan involves sequentially illuminating the breast model with a UWB pulse from each antenna, while recording the backscattered signal at the same antenna. Before further processing, the signals are downsampled from 1200 GHz (the time step in the FDTD simulation) to 50 GHz. The input signal is a 150-ps differentiated Gaussian pulse, with a centre frequency of 7.5 GHz and a −3 dB bandwidth of 9 GHz. An idealized artifact removal algorithm is used to remove the input signal and the reflection from the skin-breast interface. The artifact to be removed is established by measuring the backscattered signals from the first homogeneous FDTD model with no tumor present. These signals are then subtracted channel-by-channel from the with-tumor responses. Finally, a delay and sum beamformer is used to create the image of the breast [6, [15] [16] [17] [18] [19] [20] [21] .
Test Procedure
Identical simulations are completed for the planar and circular configurations. The performance of each configuration is tested using a varying number of transmitting/receiving antennas. Three tumor positions within the breast are considered, and the tumor itself is 6 mm in diameter. For the circular configuration the tumors are placed at the following (depth, span) locations: the centre of the breast at (−3.6, 3. 
Metrics
In order to evaluate the robustness and performance of each configuration, a number of different metrics are used:
• Signal-to-Clutter Ratio within-breast (SCR) [16, 42, 46] .
• Signal-to-Mean Ratio (SMR) [48] .
• The difference between the actual location of the tumor and the location of the peak in the resulting image of backscattered energy (M diff ) [38, 46] . • The Full Width Half Maximum (FWHM), which estimates the physical extent of the tumor response [16, 42, 46] .
The SCR within-breast compares the maximum tumor response to the maximum clutter response in the same image. To obtain the value of the maximum clutter, the maximum pixel value of the image is found, excluding the area which includes the tumor peak response up to twice the extent of the FWHM response of the tumor itself [16, 42, 46] . The SMR compares the maximum tumor response with the mean response of the different tissues across the breast in the same image of backscattered energy [48] . The FWHM measures the distance between the peak response of the tumor and the point at which the energy of the peak response drops to half [16, 42, 46] . This metric, as well as M diff , determines the ability of the beamformer to effectively localise the tumor within the breast. The primary aspects of the system performance to be evaluated are:
• The effect of the number of antennas on performance, and the optimal number of antennas required for each antenna configuration.
• The effect of dielectric heterogeneity on system performance.
• The relative performance of the two configurations.
RESULTS AND DISCUSSION

Antenna-number Optimisation
The first experiment involves the number of transmitting/receiving antennas that should be used for optimised performance. Results (SCR and SMR) for both configurations are shown in Figures 3 and 4 .
Both the SCR and SMR improve with increasing numbers of antennas for both configurations, with the exception of the planar configuration for the tumor at a distance of 2d from the centre of the breast. The performance of the circular configuration is virtually independent of the tumor position. Conversely, the performance of the planar configuration tends to worsen when the distance of the tumor from the centre of the breast increases. This behaviour can be explained in terms of the average distances between the known tumor positions and the antennas for each configuration. When the average propagation distance increases, so too does the attenuation and phase effects of the channel, reducing the effectiveness of the beamformer. For the planar configuration, this average distance increases the further the tumor is from the centre of the breast, whereas for the circular configuration, this average distance does not show the same variation -this is logical since in the circular configuration if the tumor is further from one antenna, it necessarily means that it moves closer to another one. Finally, very little improvement is noticed when the number of antennas used exceeds 17, for both antenna configurations. Therefore, the optimized number of antennas used is 17. The resulting backscattered images (using 17 antennas) for the planar antenna configuration and the circular antenna configuration are shown in Figures 5 and 6 , respectively.
From these figures, it is also evident that the circular configuration gives a clearer and more isolated position of the tumor when compared to its equivalent results for the planar configuration. This is also evident in the improved FWHM performance offered by the circular configuration, shown in Table 2 . Also the centre of the tumor seems to be closer to its actual position for the circular configuration, as shown by the M diff metric. Using the planar configuration, the tumor appears closer to the skin than it actually is, suggesting that surrounding the breast with the antennas (in the circular configuration) provides for improved tumor localisation.
However, it is also evident that clutter is less significant in the planar images than in the circular images, which is consistent with the results for the SCR and the SMR presented in Figures 3 and 4 , respectively. The planar configuration shows better performance in terms of both SCR and SMR, except for the 2d distance, as previously discussed. However, the circular configuration permits better localisation of the tumor, indicated by better Mdiff and FWHM results.
Effects of Increasing Dielectric Heterogeneity
In order to test the robustness of the two antenna configurations to greater variation in the dielectric properties of normal breast tissue, FDTD simulations are performed with increasing percentages of variation for permittivity and conductivity values of normal breast tissue, from ±10 to ±50% in steps of 10%. These simulations all used the optimal number of 17 antennas for both configurations, derived from the first set of experiments. Based on Figure 7 , the SCR and the SMR show an overall decrease (with very few exceptions) with the increase of the dielectric variation, for both configurations. The tendency for the planar configuration to outperform the circular configuration when the distance between the tumor and the centre of the breast is 0 or d still holds with the variation in dielectric properties. Conversely, the circular configuration outperforms the planar configuration for the simulations in which the tumor is further from the centre of the breast when the dielectric variation increases.
Variations in M diff occur with increasing dielectric variation, suggesting that this metric is relatively robust to dielectric variations for both configurations. Finally, examining the FWHM, which expresses the physical extent of the tumor response, the circular configuration exhibits very small variation with increasing heterogeneity. This highlights the localisation robustness of the circular system. With the planar configuration, the FWHM of the tumor response remains relaively constant when the tumor is centred in the breast; however, with the increase of the distance between the tumor and the breast centre, the planar system outputs higher values for this metric when the dielectric variation increases, thus reducing the localisation performance of the planar configuration.
CONCLUSIONS
This paper has examined the effect of antenna configuration on the performance of a UWB system for breast cancer detection. For test purposes, 2D FDTD models of the breast were created, with a tumor at various locations in the breast. Both planar and circular antenna configurations were tested through visual inspection and with four quantitative metrics: SCR, SMR, M diff and FWHM. Seventeen antennas were chosen for both configurations, as it offered the best compromise of performance versus efficiency.
While the planar antenna configuration tended to outperform the circular configuration in terms of SCR and SMR when the tumor was located close to the centre of the breast, the circular antenna configuration outperformed the planar configuration at all other locations. Furthermore, the circular antenna configuration outperformed the planar configuration across the remaining metrics, suggesting that this configuration is much more effective in terms of tumor localisation.
Finally, the circular configuration was also shown to be more robust to natural variations in dielectric heterogeneity in terms of both M diff and FWHM when compared to the planar-based system. The justification for the improved performance of the circular configuration is twofold: Firstly, the greater spatial distribution of the antennas around the entire breast in the circular configuration provides for improved tumor localization. Secondly, the shorter average propagation distance for signals recorded using the circular antenna configuration results in less attenuated reflections from the tumor. These relatively strong reflections are used to create improved images in terms of both SCR and SMR ratios. In conclusion, the circular configuration of antennas show much more consistent results in terms of tumor identification (SCR and SMR), independent of the location of the tumor location within the breast, and generally more precise tumor localization. 
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